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Abstract 
Electricity generation is a key contributor to global emissions of greenhouse gases (GHG), NOx and 
SO2 and their related environmental impact. A critical review of 167 case studies involving the life 
cycle assessment (LCA) of electricity generation based on hard coal, lignite, natural gas, oil, 
nuclear, biomass, hydroelectric, solar photovoltaic (PV) and wind was carried out to identify 
ranges of emission data for GHG, NOx and SO2 related to individual technologies. It was shown 
that GHG emissions could not be used as a single indicator to represent the environmental 
performance of a system or technology. Emission data were evaluated with respect to three life 
cycle phases (fuel provision, plant operation, and infrastructure). Direct emissions from plant 
operation represented the majority of the life cycle emissions for fossil fuel technologies, whereas 
fuel provision represented the largest contribution for biomass technologies (71% for GHG, 54% 
for NOx and 61% for SO2) and nuclear power (60% for GHG, 82% for NOx and 92% for SO2); 
infrastructures provided the highest impact for renewables. These data indicated that all three 
phases should be included for completeness and to avoid problem shifting. The most critical 
methodological aspects in relation to LCA studies were identified as follows: definition of the 
functional unit, the LCA method employed (e.g., IOA, PCA and hybrid), the emission allocation 
principle and/or system boundary expansion. The most important technological aspects were 
identified as follows: the energy recovery efficiency and the flue gas cleaning system for fossil fuel 
technologies; the electricity mix used during both the manufacturing and the construction phases 
for nuclear and renewable technologies; and the type, quality and origin of feedstock, as well as 
the amount and type of co-products, for biomass-based systems. This review demonstrates that 
the variability of existing LCA results for electricity generation can give rise to conflicting decisions 
regarding the environmental consequences of implementing new technologies. 
 
Keywords: Life cycleassessment, Electricity generation, Emission factors, Environmental impacts, 
Emissions  
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1. Introduction 
Between 1990 and 2008, world energy consumption increased by 40% [1]. Today, 68% of the 
energy utilized worldwide originates from fossil fuels (i.e., coal, natural gas and oil), with electricity 
generation being responsible for 40% of global CO2 emissions [1]. Emissions of greenhouse gases 
(GHG), such as CO2 and CH4, from energy generation have been addressed in numerous studies 
(e.g., [2–8]), which often play a key role in developing GHG mitigation strategies for the energy 
sector [9]. However, the extent to which these studies provide accurate, robust and comparable 
information can be questioned with respect to their usefulness for long-term decision-making. 
Life cycle assessment (LCA), carbon footprinting and other GHG accounting approaches are 
commonly used for decision support [10–12]. In LCA, potential environmental impacts associated 
with the life cycle of a product/service are assessed based on a life cycle inventory (LCI), which 
includes relevant input/output data and emissions compiled for the system associated with the 
product/service in question. The comprehensive scope of LCA is useful in avoiding problem-
shifting from one life cycle phase to another, from one region to another, or from one 
environmental problem to another [13]. Although a carbon footprint may have more appeal than 
LCA due to the simplicity of the approach [14], carbon footprints involve only a single indicator, 
which may result in oversimplification. By optimizing the system performance based only on GHG 
emissions, new environmental burdens may be introduced from other environmental emissions 
(e.g., NOx and SO2). A holistic or system-level perspective is therefore essential in the assessment, 
and the range of emission types included in a study may critically affect the outcome; although 
described as "full LCA studies", some studies (e.g., [16–18]) include only GHG emissions. Overall 
emissions can be categorized into direct emissions (e.g., from the stack of a power plant) and 
indirect emissions (e.g., related either to upstream provision of fuel, resources, goods, etc. or to 
downstream management of residues and utilization of by-products). Accounting only for direct 
emissions from electricity generation and failing to include indirect emissions may result in 
inaccurate conclusions and lead to decisions that do not provide the intended environmental 
benefits. Previous studies have clearly indicated that indirect GHG emissions from fossil fuels may 
represent up to 25% of the overall emissions related to electricity generation [15]; this value is 
even higher for renewable technologies [8].  
Electricity is an essential energy carrier in modern societies, and emission data related to 
electricity generation are used extensively for accounting and reporting purposes. Datasets and 
emission factors for electricity generation (e.g., kg CO2/MWh) are used often when performing 
LCA and/or GHG accounting of products. However, despite the importance of data reliability and 
the large number of studies that assess electricity generation, significant discrepancies can be 
found among LCI datasets for similar electricity technologies. Edenhofer et al. [19] attributed these 
differences to technology characteristics, local conditions and LCA methodological aspects. Over 
the past two decades, LCA guidelines (e.g., ISO 14040 [20] and the ILCD handbook [21]) have been 
developed in an attempt to ensure coherence and comparability among LCA studies. However, 
these guidelines allow individual researchers to subjectively interpret fundamental methodological 
aspects (e.g., choice of system boundaries, allocation procedures, and which emissions to include 
in the assessment). Therefore, a simple statement of compliance accompanying these guidelines is 
not sufficient to ensure that the results are accurate and robust. Consequently, both LCI data and 
LCA results can be misused, whether incidentally or intentionally, when the scope of the original 
LCA study and the requirements of a user do not coincide [22]. To prevent misuse and unjustified 
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decisions, it is thus important that i) methodological choices are described transparently and the 
scope of the LCA study is narrowly defined and that ii) coherent, appropriate choices are made 
regarding the system boundaries and LCI datasets to reduce the gap between the modeled system 
and reality. Various approaches exist today among LCA practitioners, but the importance of 
methodological choices, emission types and contributions from individual life cycle phases has not 
been critically evaluated in the context of electricity generation. A systematic overview of the 
consequences of methodological choices and technology performance is needed to provide a 
transparent and balanced foundation for future LCA modeling of electricity technologies.  
The objective of this study was to provide a systematic overview of important emissions from electricity 
generation technologies based on a critical review of relevant LCA studies in the literature. Emission factors 
for GHG, NOx, and SO2 were selected as key indicators for environmental performance during electricity 
generation. These emissions were evaluated by i) highlighting important technological differences (e.g., 
conversion efficiencies and gas cleaning technology) among the assessed technologies, ii) identifying critical 
methodological choices in LCA studies that affected the results (e.g., system boundaries, functional unit 
definition and assessment approach), and iii) whenever possible, providing examples illustrating the 
quantitative importance of these aspects. The intention was to provide a sound basis for selection of data 
and methodology with respect to LCA modeling of electricity generation. 
This paper first provides a critical analysis of the current LCA methodological framework (Section 2), 
followed by an outline of the selection criteria applied to emissions data and LCA case studies included in 
the review (Section 3). In Section 4, emission data for electricity generation are evaluated according to the 
energy source and contributions from fuel provision, plant operation and infrastructure. Section 5 
evaluates the importance of key methodological choices and their effect on the results from the LCA 
studies. 
2. LCA methodology aspects 
The current regulatory framework for LCA is defined by ISO 14040 [20] and ISO 14044 [23]. An LCA 
study is generally carried out by iterating four phases (goal and scope definition, inventory 
analysis, impact assessment, interpretation) and is used to quantify major potential environmental 
impacts related to the product or service in question. LCAs are often applied as decision support 
tools for selection between different alternatives providing the same product or service. An LCA is 
quantified by the concept of a "functional unit" that defines the product or service. The functional 
unit thereby ensures comparability among the alternative scenarios.  
Current ISO standards provide guidelines for carrying out an LCA study, but allow freedom for 
interpretation of key methodological issues [14]. Consequently, subjective choices and approaches 
may lead to results that are incompatible with other studies having identical goals and scope. 
When selecting LCI datasets for electricity production, it is possible to use harmonized data. A 
meta-analytical harmonization of both technical and methodological aspects of life cycle GHG 
emissions of energy generation aims to reduce the variability of estimated emission factors and is 
done by conforming methodological choices (e.g., system boundaries, allocation procedures, and 
emissions) and technical aspects (e.g., efficiencies and fuel quality). Harmonized emission factors 
are available for specific technologies: coal [24] (with a focus on the characteristics of the fuel, 
combustion technology type and thermal efficiency), nuclear energy [25] (with a focus on the 
primary energy mix, uranium grade and enrichment and the LCA approach), solar PV [26,27] (with 
a focus on the type of application, meteorological characteristics, performance ratio, lifetime, 
efficiency and area of the module) and wind energy [28,29] (with a focus on the technology type, 
capacity, lifetime and capacity factor). However, appropriate LCI datasets reflecting the local 
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conditions and the temporal scope of the study need to be applied, based on the scope of an 
individual study. 
The data acquisition approach itself might significantly affect the results, despite the fact that data 
should be collected from published sources and should be appropriate to the relevant 
technologies and processes and that the data selection criteria should be clearly stated [23]. 
Overall, two approaches are used: process chain analysis (PCA) and input-output analysis (IOA). 
PCA is a bottom-up approach that uses engineering data and process-specific information 
preferably obtained directly from the plants. PCA is a time-consuming procedure, but it generally 
results in more precise results [13]. Data collection in PCA is often simplified by applying cut-off 
criteria to exclude less relevant processes from the system. This simplification leads, however, to 
an overall underestimation of the impact [30]. Conversely, IOA is a top-down approach based on 
monetary data for individual economic sectors, thus considering aggregated flows between 
sectors. Compared with PCA, IOA provides results that are not only less case-dependent and more 
complete but also less precise [30,31]. Generally, IOA estimates larger impacts than PCA because 
the system boundaries are extended, and no process cut-offs are applied [32]. A range of hybrid 
approaches have been developed to overcome these limitations [33–36]; however, relatively few 
studies using these approaches are available in the literature. Wiedmann et al. [37] calculated the 
GHG emissions from wind power using two hybrid approaches as well as PCA and obtained 
significantly different results, thereby illustrating the variability of results from individual hybrid 
approaches. 
3. Review selection criteria and approach 
3.1. Emissions included 
Emissions of GHG, NOx and SO2 were selected based on their contribution to several critical LCA 
impact categories and on their importance in decision making and strategic planning. Worldwide, 
the energy sector contributes 19% and 56% of overall NOx and SO2 emissions [38], respectively, 
while contributions to GHG emissions amount to 40% [1]. In addition to NH3, emissions of NOx and 
SO2 are largely responsible for acidification (SO2, NOx and NH3) and eutrophication (NOx and NH3). 
Because NH3 is primarily emitted from animal waste in agriculture [39], NOx and SO2 emissions 
provide a reasonable approximation for contributions to acidification and eutrophication due to 
electricity generation. 
3.2. LCA case studies included 
This review covered 33 LCA publications including 167 case studies of all main electricity 
generation technologies, representing 98% of global electricity generation in 2008 [1,40]. Despite 
having small shares of the current market, wind power, biomass and solar PV were included in the 
review because of their high growth rates and the increasing market share that they are likely to 
achieve in the future. According to the International Energy Agency [40], wind power, biomass and 
solar PV will constitute 8%, 4% and 2%, respectively, of global electricity generation by 2035. Table 
1 provides an overview of the studies reviewed. 
LCA studies were included based on a range of criteria to ensure the best possible data quality and 
comparability among the studies: 1) the studies included should either separate emissions 
according to the individual life cycle stage (fuel provision, direct and infrastructure) or include 
emissions other than GHG, 2) the studies should have a functional unit clearly related to electricity 
generation (e.g., generation of 1 MWh electricity or similar), and 3) the studies should be less than 
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15 years old not only to better represent both current and near-future technologies but also to 
improve comparability in assessment methodologies. Further details regarding the selection 
criteria are provided in the Supplementary Material. 
Table 1. Overview of the technologies considered in the present study. 
Energy source Share of global 
electricity generation 
in 2008 [1,40] 
Expected share of 
global electricity 
generation in 2035 [40] 
Number 
of case 
studies 
References 
Hard Coal 36 % 32 % 36 [16, 41–44, 46–48, 67, 
68, 78–83] 
Lignite 4.2 % 7 [42–44, 48, 79] 
Natural Gas 21 % 21 % 23 [18, 42, 43, 46–48, 52, 
53, 69, 78–80, 82, 84] 
Oil 5.5 % 1.4 % 10 [44, 46, 48, 52, 53, 84] 
Nuclear Power 13 % 14 % 10 [44, 46, 53, 55, 78, 83, 
85–87] 
Biomass 0.8 % 4.2 % 25 [46, 48, 62, 67, 88–92] 
Hydropower 16 % 16 % 12 [44, 46, 47, 53, 62, 80, 
93–96] 
Solar Energy 0.1 % 1.8 % 22 [17, 18, 44, 46, 47, 53, 
55, 62, 78, 80, 97] 
Wind 1.1 % 8.1 % 22 [44, 46–48, 53, 62, 64, 
78, 80, 83, 93, 98–103] 
Others 1.6 % 1.9 % -  
Total 100 % 100 % 167  
4. Results  
In the following sections, the results for electricity generation technologies are evaluated by 
energy source. For each electricity generation technology, GHG (labeled CO2-eq.), NOx and SO2 
emissions were evaluated and categorized according to contributions from the following three life 
cycle phases: 1) fuel provision (from the extraction of fuel to the gate of the plant), 2) plant 
operation (operation and maintenance, including residue disposal), and 3) infrastructure 
(commissioning and decommissioning). Unless otherwise stated, “MWh” hereafter represents the 
MWh of electricity delivered to the grid. 
Of the 167 LCA case studies reviewed (see Table 1 and Table S1-S9 in the Supplementary 
Material), 102 studies provided GHG data for both fuel provision and plant-related emissions. 
Infrastructure was mentioned in 89 studies in which commissioning and decommissioning of the 
physical plant either were included in the accounting or were clearly neglected. Data regarding 
NOx and SO2 were available in 102 and 112 studies, respectively, with emissions being distributed 
between fuel provision and plant emissions in 43 (NOx) and 41 (SO2) studies. Regarding 
infrastructure, 27 and 28 studies reported data for NOx and SO2, respectively. Out of the 101 
studies on thermal electricity generation, 68 reported information on the plant efficiency. Due to 
the relative paucity of data on NOx and SO2 emissions, comparison within and between 
technologies was not possible in some cases. 
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Emission factors for GHG (CO2-eq), NOx and SO2 for the technologies outlined in Table 1 are 
presented in Figure 1 and Table 2. “Zero” values were reported when it was clearly stated in the 
study that an emission source was negligible. The robustness and applicability of the reported data 
are addressed in Section 5. 
 
Figure 1. Life cycle emission factors for electricity generation from selected technologies, divided into “fuel 
provision”, “plant operation” and “infrastructure”, according to the LCA studies reviewed 
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Table 2. Life cycle emission factors for electricity generation from selected technologies. Factors at the top of the 
table refer to electricity output [kg/MWhout], while values at the bottom of the table refer to fuel input [kg/GJin]. 
 Energy source CO2-eq NOx SO2 
El
ec
tr
ic
it
y 
o
u
tp
u
t 
 
[k
g/
M
W
h
o
u
t]
 
Hard Coal 660-1050 0.3-3.9 0.03-6.7 
Lignite 800-1300 0.2-1.7 0.6-7 
Natural Gas 380-1000 0.2-3.8 0.01-0.32 
Oil 530-900 0.5-1.5 0.85-8 
Nuclear Power 3-35 0.01-0.04 0.003-0.038 
Biomass 8.5-130 0.08-1.7 0.03-0.94 
Hydropower 2-20 0.004-0.06 0.001-0.03 
Solar Energy 13-190 0.15-0.40 0.12-0.29 
Wind 3-41 0.02-0.11 0.02-0.09 
Fu
el
 in
p
u
t 
[k
g/
G
J in
] 
Hard Coal 46-125 0.028-0.352 0.003-0.596 
Lignite 91-141 0.025-0.161 0.047-0.753 
Natural Gas 57-85 0.037-0.277 0.0002-0.044 
Oil 75-94 0.081-0.298 0.112-0.698 
Biomass 0.1-10 0.007-0.128 0.004-0.094 
4.1. Hard Coal 
Thirty-six studies involving electricity generation from coal were included based on the selection 
criteria. For all three compounds studied, most of the emissions were related to the operation of 
the power plant. Life cycle GHG emissions were accounted for in all 28 studies on combustion; 11 
studies distinguished between fuel-related and plant-related emissions, whereas only 6 studies 
either reported data for the infrastructure or stated clearly that this aspect was neglected. Data 
for NOx and SO2 were found in 17 and 19 studies, respectively, and out of these, 9 and 7 studies, 
respectively, provided data for fuel provision separately from direct emissions of NOx and SO2. All 
8 studies concerning gasification provided data on GHG emissions, with 6 including separate data 
for fuel provision and direct emissions. Emission factors for NOx and SO2 were provided in 6 
studies, 2 of which identified contributions from fuel provision and power plant operation.   
The results showed that direct emissions represented the main contribution for GHG emissions 
from coal-based technologies. The key factors were found to be the type of technology and the 
process efficiency. For example, GHG emission factors for direct combustion (DC) were in the 
range of 750-1050 kg CO2-eq/MWh for which the lowest and highest values corresponded to 
energy recovery efficiencies of 42% and 33%, respectively [41–43], calculated relative to the input 
energy. On the other hand, coal gasification (IGCC) could achieve higher efficiencies (up to 52%), 
thus leading to lower GHG emission factors compared to direct combustion (660-800 kg CO2-
eq/MWh). These values were in agreement with previous review studies in which overall emission 
factors on the order of 800-1200 kg CO2-eq/MWh were reported for electricity generation from 
hard coal [3,8,15,44–46]. 
Data for NOx and SO2 emissions from direct combustion showed large amounts of variability 
among individual studies, with a flue gas cleaning (FGC) system and the energy recovery efficiency 
being the two most important aspects affecting the magnitude of emission factors. Emissions on 
the order of 2-4 kg NOx/MWh and 2-7 kg SO2/MWh throughout the life cycle were typically found 
for old power plants equipped with no or low-tech FGC systems, whereas modern plants had 
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emission factors one order of magnitude lower (0.3-1 kg NOx/MWh and 0.1-1 kg SO2/MWh). For 
coal gasification, overall emission factors were found on the order of 0.2-0.7 kg NOx/MWh and 
0.1-1 kg SO2/MWh, with the process efficiency and an FGC system being the key aspects. 
Coal provision accounted for 0.9% to 2.6% of the overall GHG emissions from coal-based electricity 
generation, mainly as a consequence of methane emissions during mining [3]. Emissions of NOx 
and SO2 were dominated by direct emissions for coal combustion, whereas fuel provision was 
more relevant for IGCC, due to the high efficiency and high removal via FGC and consequently 
lower emissions at the stack. For example, Nomura [47] and the DoE [48] reported emissions for 
coal provision contributing to more than half of the overall impacts for NOx and SO2, respectively 
for IGCC; infrastructure was always found to be negligible for all three compounds. 
4.2. Lignite 
Seven studies involving lignite were found to be relevant. All studies reported emissions for all 
three compounds, but only 4 studies for GHG and 2 studies for NOx/SO2 specified emissions 
according to the individual life cycle phases. The results showed that emissions from lignite 
provision are much lower than those from hard coal, mainly because of the shorter transportation 
distances involved. Lignite power plants are, in fact, often placed close to mines due to the large 
amount of material involved and to the cost of transportation [3]. Lower amounts of methane 
were emitted during mining activity compared with hard coal, representing 0.6% of life cycle GHG 
emissions [8]. Emissions related to infrastructure were found to be negligible for all three 
compounds. 
Life cycle GHG emissions varied due to the lower heating value of the lignite and to the efficiency 
of energy recovery. Emission factors were in the range of 800-1300 kg CO2-eq/MWh, with lower 
values related to a gasification process with high efficiency (52%). Concerning the energy content 
of the fuel, the lower the heating value of the fuel, the higher the GHG emission factor [8]. In some 
cases, this trend can be more important than the energy efficiency of the plant. For example, in 
the ExternE study [49], a system using fuel with a heating value of 5.4 MJ/kg and having an energy 
efficiency of 37% was considered, whereas May [42,43] reported a heating value of 9 MJ/kg and 
an efficiency of 27%. These two studies reported direct GHG emissions from plants of 
approximately 1320 and 1200 kg CO2-eq/MWh, with the lower efficiency process having lower 
direct GHG emissions. These values were in agreement with previous studies, thus providing an 
overall range for lignite technologies of 900-1300 kg CO2-eq/MWh [3,8,15,44–46]. 
Similar to hard coal emissions, NOx and SO2 emissions showed large variations (of up to one order 
of magnitude) among the studies reviewed, with results being largely affected by the energy 
efficiency and the FGC systems. Emission factors were within the range of 1.1-1.7 kg NOx/MWh 
and 1.2-7 kg SO2/MWh for older and less efficient (27-40%) power plants either with outdated or 
without FGC systems, whereas more efficient (over 40%) power plants with modern FGC systems 
had emission factors of 0.2-0.8 kg NOx/MWh and 0.4-0.6 kg SO2/MWh.  
4.3. Natural Gas 
Two technologies for electricity generation based on natural gas were considered: a single cycle 
(SC) turbine with low energy efficiencies (26-35%) and a combined cycle (CC) turbine with high 
energy efficiencies (up to 60%). This distinction was made because the first technology provides 
peak electricity (i.e., electricity produced to cover peaks in electricity demand), whereas the latter 
delivers baseload power. All 23 LCA studies reviewed reported factors for GHG emissions, 20 of 
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which also specified contributions from different life cycle phases. Seventeen and sixteen studies 
reported overall emissions of NOx and SO2, respectively, whereas 7 and 6 studies also identified 
contributions from NOx and SO2, respectively, within the life cycle phases (only CC technologies). 
Direct GHG emissions from CC plants were rather consistent among different studies (350-410 kg 
CO2-eq/MWh), with fuel provision contributing relatively large additional impacts (10-180 kg CO2-
eq/MWh). Fuel provision represented up to 30% of the overall GHG emissions, mainly due to 
fugitive methane emissions and energy consumption during gas extraction and transportation. LCA 
studies commonly assume that 1-2% of gross natural gas is lost to the atmosphere as fugitive 
emissions during extraction [50]. Furthermore, up to 10% of the natural gas extracted is consumed 
to power fuel extraction and transportation [48]. Liquefied natural gas has even higher emissions 
due to the liquefaction process itself and to the longer transportation distances (6 out of 8 studies 
reported emissions above 100 kg CO2-eq/MWh for fuel provision). Single cycle plants produced 
higher and more variable direct emissions at the power plant (480-730 kg CO2-eq/MWh) 
compared with CC plants, and consequently, also over the life cycle (610-850 kg CO2-eq/MWh). 
These values were in agreement with previous studies estimating approximately 400-900 kg CO2-
eq/MWh for electricity generation from natural gas [3,8,15,44–46]. 
For CC plants, overall NOx emissions were on the order of 0.2-1.3 kg NOx/MWh, with fuel provision 
(0.1-0.5 kg/MWh) playing an important role as a consequence of the energy used for extraction of 
natural gas [51]. Compared to CC plants, emissions of NOx from SC plants were much higher, 
approximately 1.8-3.8 kg NOx/MWh: lower efficiencies and less efficient FGC systems were 
responsible for this difference. Emissions of SO2 were similar for the two technologies, in the range 
of 0.01-0.32 kg/MWh. The data available for CC studies show that natural gas provision can 
contribute up to 80-90% of the life cycle emissions of SO2. None of the studies provided data for 
NOx and SO2 with respect to the commissioning and decommissioning of natural gas power plants. 
4.4. Oil 
Ten studies included GHG emissions for electricity generation from oil, 5 studies identified 
contributions related to the individual life cycle phases. Emissions of NOx and SO2 were considered 
in 7 and 8 studies, respectively, with 4 of them specifying the contributions throughout the life 
cycle for both emissions. 
The results showed that GHG and NOx emissions were mainly related to power plant operation, 
whereas fuel provision (exploration, extraction, refinery and transportation) represented up to 
20% of the SO2 emissions occurring throughout the life cycle [52], which depends on the FGC 
system, the oil provision and the sulfur content of the fuel. The energy recovery efficiency is the 
key parameter for GHG emissions: in base load power plants, efficiencies can reach 58%, 
corresponding to 530 kg CO2-eq/MWh emitted throughout the life cycle. Conversely, peak load 
power plants have lower efficiencies (i.e., 30-40%), with subsequent GHG emission factors 
between 750 and 900 kg CO2-eq/MWh over the entire life cycle.  
Emission factors for NOx were in the range of 0.5-1.5 kg/MWh, mainly depending on the FGC 
system of the plant. In particular, emission factors varied from 0.8 kg/MWh for modern plants to 
up to 6-8 kg/MWh for old plants not equipped with SO2 scrubbing systems. Data about the 
commissioning and decommissioning of oil power plants were quite limited, with only a single 
study reporting a contribution from infrastructure of 2.2 kg CO2-eq/MWh [53]. Such a contribution 
can be considered negligible compared to those from direct emissions. 
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4.5. Nuclear power 
Nuclear power was included in 10 of the reviewed studies. All studies reported GHG emission 
factors, and 7 identified contributions from individual life cycle stages. Emissions of NOx and SO2 
were reported in 4 and 5 studies, respectively; contributions throughout the life cycle were 
identified in 2 of these studies. 
The results showed that GHG emission factors varied greatly, with differences of up to one order 
of magnitude (i.e., 3.1-35 kg CO2-eq/MWh). This variability was due both to the different 
technologies and to the methodological approaches used to assess them. In particular, the 
assumptions regarding the inclusion of uranium enrichment processes had a significant influence 
on the results. The gas diffusion method, for example, uses approximately 40 times more 
electricity than the gas centrifuge method [33,54]. These processes, combined with the use of 
fossil fuel-based electricity, can explain the wide range of values found for fuel provision (1.5-18 kg 
CO2-eq/MWh).  
When using IOA, emission factors were estimated as being 10-20 times larger than those 
calculated using PCA [55]. For example, Sovacool [56] provided a detailed review of 103 studies on 
nuclear power, which estimated an IOA-based emission factor for nuclear-based electricity 
generation of 66 kg CO2-eq/MWh shared almost equally among the three life cycle phases, 
whereas Dones and colleagues [3] estimated an electricity generation of 2-77 kg CO2-eq/MWh. 
The difference between the IOA and PCA results arises from the respective capabilities of the two 
approaches to properly model the great complexity of the system studied. Further discussion of 
the topic can be found in the discussion section. 
Emissions of NOx and SO2 related to electricity generation from nuclear power were mainly due to 
energy consumption during uranium extraction and enrichment. Emission factors were in the 
range of 0.01-0.04 kg/MWh for NOx and 0.003-0.038 kg/MWh for SO2, depending on the input 
electricity mix. Emissions related to infrastructure were found to be relevant for GHG (20-30% of 
the total), while being almost insignificant for both NOx and SO2. 
4.6. Hydropower 
Hydropower encompasses solutions such as dams with reservoir and run-of-river plants. The first 
solution requires a dam to create a basin, and thus allows for matching peaks in electricity 
demand. Electricity generation from run-of-river systems depends on the amount of water flow 
and cannot be controlled. None of the reviewed studies made quantitative considerations 
regarding the secondary utilization of water for drinking, irrigation and navigation purposes.  
For hydropower, 12 studies were included: 5 systems with dam-reservoirs and 7 run-of-river 
plants. Emission factors for GHG were reported in all studies, whereas emission factors for NOx 
and SO2 were only included in 6 and 9 studies, respectively. Most emissions were generally linked 
to the infrastructure. Life cycle emissions of GHG were reported in the range of 2-5 kg CO2-
eq/MWh for run-of-river systems and 11-20 kg CO2-eq/MWh for dam-reservoirs. The highest 
emissions factors were found in a study using the IOA approach [47], again indicating that greater 
impacts are estimated when using IOA instead of PCA. An important aspect of hydropower with 
dam-reservoirs is methane emissions from the anaerobic decomposition of flooded organic 
matter. These emissions depend on the local climate, reservoir size, water depth, type and 
amount of flooded vegetation and soil type; thus, large variations in emission factors can be seen. 
For example, emission factors range from 0.35 kg CO2-eq/MWh for alpine regions to 30 kg CO2-
eq/MWh in Finland and reach up to 340 kg CO2-eq/MWh in Brazil [3,8,57]. Emission factors 
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reported in previous review studies were in the range of 2-40 kg CO2-eq/MWh [3,4,8,15,44–
46,53,58–60], but higher values were found when the reservoirs were located in tropical areas. 
Emission factors for NOx and SO2 were found in the range of 0.004-0.06 kg NOx/MWh and 0.004-
0.03 kg SO2/MWh, respectively. Emissions of NOx and SO2 were mainly associated with dam 
construction (i.e., provision of materials) and are therefore related to the dam size and generation 
capacity. 
4.7. Solar photovoltaic (PV) 
All 22 LCA studies reviewed on solar PV included GHG data, specified for individual phases of the 
life cycle. All studies except for one related all emissions to the infrastructure, in particular to the 
manufacturing of solar cells, while neglecting the impact from maintenance. Emissions of NOx and 
SO2 were considered in 6 and 7 studies, respectively.   
Emission factors for GHG showed high variability (one order of magnitude, 13-130 kg CO2-
eq/MWh), mainly due to local conditions, such as the source of the electricity used during 
manufacturing, the typology of panels and the climate conditions where the panels were installed 
[55,61]. One study [62] showed how GHG emissions of PV technology produced in different 
countries would differ from each other because of the electricity input to the manufacturing 
process. A similar occurrence can be explained for NOx and SO2 emissions. For example, emission 
factors range from 0.15-0.18 kg NOx/MWh and 0.12-0.15 kg SO2/MWh in southern Europe [44] to 
0.34 kg NOx/MWh and 0.29 kg SO2/MWh in Germany [63], for NOx and SO2 emissions, 
respectively. Using IOA, Nomura [47] estimated emission factors in the range of 100-190 kg CO2-
eq/MWh, 0.20-0.40 kg NOx/MWh and 0.13-0.26 kg SO2/MWh. These emissions are slightly higher 
than those estimated using PCA, but the significant differences between IOA and PCA results that 
had previously been highlighted for nuclear energy were not observed in this case. Emission 
factors reported in previous studies were in the range of 40-160 kg CO2-eq/MWh [3,4,8,15,44–
46,53,58,59,64,65]. 
4.8. Wind 
Of the 22 selected LCA studies, 20 attributed all emissions entirely to the infrastructure. Emission 
factors for GHG were found in the range of 3-28 kg CO2-eq/MWh for PCA studies with system 
boundaries limited to wind turbines. In this case, the main contributions were related to material 
provision and construction of the wind turbines. Hence, the local electricity mix where 
manufacturing and installation of the turbines occurred had a significant influence on the results 
[33,66]. Onshore and offshore turbines can have similar emission factors because larger emissions 
during the construction phase can be compensated for by the higher productivity of offshore 
turbines [63]. One study [67] accounted for GHG emissions, including an electricity storage device 
(i.e., hydrogen for fuel cells) that obtained higher overall emission factors (35-41 kg CO2-eq/MWh). 
It should be noted, however, that such a study including electricity storage cannot be directly 
compared to a study of wind power without storage because of the different functional unit used 
(see the discussion later). Based on IOA, emission factors were estimated on the order of 30-40 kg 
CO2-eq/MWh [47], thus providing higher values than similar studies using PCA. Emission factors 
reported in previous review studies were in the range of 5-35 kg CO2-eq/MWh [3,4,8,15,44–
46,53,58–60,68]. 
Most LCA studies provided emission factors for NOx and SO2, ranging from 0.02-0.06 kg NOx/MWh 
and 0.02-0.04 kg SO2/MWh with emissions mainly depending on the electricity mix used for 
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manufacturing. When using IOA, emission factors of 0.11 kg NOx/MWh and 0.05 kg SO2/MWh 
were reported [47], which were higher than the previously mentioned emission factors estimated 
using PCA. 
4.9. Biomass 
Nineteen studies, including three types of biomass-based technologies, were addressed: co-
combustion (CO-COMB) with a fossil fuel, direct combustion (COMB) and gasification (IBGCC). All 
reviewed studies reported GHG emission factors, while 14 also considered NOx and SO2 emissions. 
Contributions from individual life cycle phases for all three compounds were provided in only 8 
studies. In studies assessing residual biomass, all impacts were associated with power plant 
operation, i.e., assuming a "zero burden" boundary upstream of the plant (see the discussion 
regarding this aspect). Emissions related to infrastructures were negligible for all three 
compounds. 
The reported GHG emission factors showed high variability: 25-130 kg CO2-eq/MWh (CO-COMB), 
8.5-118 kg CO2-eq/MWh (COMB) and 17-117 kg CO2-eq/MWh (IBGCC). These data do not include 
biogenic CO2 emissions because it is common LCA practice to assume a global warming 
characterization factor for biogenic CO2 of zero [69]. However, when emission factors are used for 
GHG emission reporting within the IPCC framework, biogenic CO2 is then included because the CO2 
uptake by biomass is accounted for within the AFOLU (i.e., Agriculture, Forestry, and Other Land 
Use) sector [70]. 
Emission factors for NOx were in the range of 0.08-1.7 kg NOx/MWh, with the highest values 
related to COMB and the lowest values associated with CO-COMB. In addition to the FGC system, 
NOx emissions were strongly related to the type of biomass. In the provision phase, emissions 
occurred from the use of machinery during cultivation and harvesting in the case of energy crops, 
whereas no emissions were typically associated with wood residues (adopting a zero burden 
approach). Combustion of furniture wood residues may result in larger emissions due to the 
nitrogen content of the fuel [71]. Emissions of SO2 also showed high variability for all three 
technologies assessed, ranging from 0.03 to 0.94 kg SO2/MWh, with the largest contribution from 
fuel provision.  
5. Discussion 
In the following sections, critical methodological aspects influencing the results of the LCA case 
studies discussed in the previous section are identified and evaluated. To the extent that data 
availability permits, the aspects identified are quantitatively evaluated. Suggestions are provided 
for consistent comparisons between individual technologies and for the criteria for data selection 
in LCA studies.  
5.1. Emission selection 
Of the 167 case studies reviewed, 101 assessed emissions of all three compounds: GHG, NOx and 
SO2. Although GHG emissions are an adequate indicator of the environmental performance 
regarding global warming, other environmental impacts should also be considered. For example, 
Table 2 shows that natural gas and oil have similar GHG emission factors (380-1000 kg CO2-
eq/MWh and 530-900 kg CO2-eq/MWh), but that SO2 emissions from oil (0.85-8 kg/MWh) are 
more than one order of magnitude larger than those from natural gas (0.01-0.32 kg/MWh). 
Similarly, biomass and solar PV emit 13-190 kg CO2-eq/MWh and 8.5-130 kg CO2-eq/MWh, 
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respectively, but emissions of NOx are much larger from biomass (0.08-1.7 kg/MWh) than from 
solar PV (0.15-0.40 kg/MWh). In both cases, an assessment focused only on global warming would 
give similar results between the two technologies, while the consequences for the eutrophication 
and acidification impact categories would be different.  
The relevance of considering emissions other than GHG can be further explained by considering 
the distribution of emissions over the life cycle of electricity generation. Only 39 studies provided 
NOx and SO2 emission data disaggregated according to the individual life cycle stage, and while 
GHG emissions may be appropriate for identifying the major sources of impact over the life cycle 
for hard coal, lignite, oil, hydro, solar PV and wind, GHG emissions are not an appropriate indicator 
for other technologies. Fuel provision is the main factor responsible for GHG emissions for 
biomass (71%), while direct emissions dominate NOx and SO2 emissions (54% and 61%, 
respectively); emissions are distributed over the life cycle for nuclear power (approximately 60% 
fuel provision, 20% direct emissions and 20% infrastructures), whereas fuel provision dominates 
emissions of NOx (82%) and SO2 (92%). Direct emissions at the plant represent 83% of the total 
GHG emissions for natural gas, whereas fuel provision is responsible for 54% and 96% of NOx and 
SO2 emissions, respectively. These data illustrate that an isolated focus on GHG emissions can lead 
to incorrect conclusions concerning the environmental consequences of electricity generation 
technologies. As documented in this review, emissions data for other important impact categories 
are in fact available and should be included in assessments. 
5.2. Technological, geographical and temporal scope  
It was found that energy efficiency and a FGC system were the two most important factors for 
fossil-fuel-based technologies. Figure 2 shows that, for different fuels, direct GHG emissions are 
directly correlated to the energy recovery efficiency of the plant. A similar correlation could not be 
found for either NOx or SO2 (see Figure S1 in Supplementary Material) because, in addition to the 
energy recovery efficiency, NOx emissions are also influenced by the FGC system, whereas SO2 
emissions are affected by both the FGC system and fuel quality. A correlation between the NOx 
and SO2 emissions and time (using the publication date as a proxy when more specific data were 
not available) was attempted, but no apparent correlation was identified. Most likely, the 
publication date of the studies did not necessarily reflect the age of the power plants assessed. 
This lack of data highlights the importance of thoroughly reporting all available details about the 
facility under assessment (including the period of operation). The selection of inappropriate 
datasets not sufficiently reflecting the real system in focus may clearly result in a significant under- 
or overestimation of emissions. The range of emission data reported in Figure 1 represents various 
technological, geographical and temporal scopes of the underlying LCA studies. Inappropriate use 
of the results or the emission data from the studies in new LCAs may significantly affect the 
results. 
For nuclear and renewable electricity systems, the reference year and the geographical origin of 
the materials and energy used for the infrastructure should be carefully identified because the 
local conditions and the geographical, temporal and technological quality of the data could 
significantly influence the results. Krauter [62] calculated GHG emissions one order of magnitude 
lower for Brazil than for Germany for the production of the same PV system in 2003, due to the 
cleaner Brazilian electricity mix (with an emission factor of 70 kg CO2-eq/MWh) compared with the 
German mix (530 kg CO2-eq/MWh). Furthermore, rapidly growing technologies such as wind or 
solar PV are subject to constant development [19], meaning that recent and up-to-date LCI data 
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should be used to obtain consistent and realistic results. As mentioned in Section 2, a 
harmonization of technical parameters is available for LCA of nuclear power [25], solar PV [26,27] 
and wind power [28,29]. 
5.3. Contributions from upstream impacts 
The results indicate that it is important to correctly set the system boundaries to avoid the 
undesired cut-off of a relevant part of the emissions. Although direct emissions represented 83-
99% of the total GHG emissions from electricity generation based on fossil fuels, they were less 
relevant for other systems (i.e., nuclear power plants and renewables). Upstream processes 
potentially having relevant impacts include fuel provision and the commissioning and 
decommissioning of plants. Few authors consider fuel provision negligible with regards to GHG 
emissions (e.g., [67]), while others depict it as important (e.g., [16,42,43,53,72,73]), in particular 
for emissions other than GHG. For example, based on the data in Figure 1, fuel provision accounts 
for on average 71% and 60% of the GHG emissions estimated for biomass and nuclear power 
plants, respectively. Fuel provision for biomass-based electricity is discussed further in Section 5.4. 
Infrastructure was considered a minor issue in several studies concerning electricity generation 
from fossil fuels, while it was found to be more relevant (in some cases dominant) for renewable 
technologies and nuclear power plants. For example, the reviewed studies showed that 
infrastructure accounts for on average 22% of the overall GHG emissions from nuclear power 
plants, while it represents the nearly exclusive burden (97-99% of total emissions) for hydropower, 
PV and wind systems (Figure 1). 
 
Figure 2. Relationship between plant efficiency and GHG direct emissions for hard coal, lignite, natural gas and oil 
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5.4. Provision of biomass   
Some studies (6 of 25 in this article) involving biomass-based electricity generation apply a zero-
burden assumption, i.e., neglecting any upstream impacts associated with the biomass. While this 
approach may appear justifiable when focusing on residual biomass resources traditionally not 
exploited for energy purposes (i.e., remaining on agricultural land or used for animal feeding 
and/or bedding), such an assumption is questionable for energy crops [74]. Biomass and arable 
land are in fact expected to become a constrained resource with the increasing penetration of 
renewable energy in the system [74]. Use of biomass resources for energy purposes will cause 
competition between energy generation and other uses (e.g., feeding, bedding, ploughing back to 
fields etc.), suggesting that a zero burden assumption is unlikely to be correct, in particular, for a 
long-term perspective. In this context, the system boundary definition has a large influence on the 
results because biomass provision accounts for on average 71% of the emissions from biomass 
systems (see Section 5.4). Such a value is, however, associated with large variability and 
uncertainty, depending on whether the indirect land use change (ILUC) effects of energy crops 
cultivation are included. Despite being believed to have the largest contribution of GHG in the life 
cycle of biofuels [72], ILUC effects are not often included systematically in LCA and are, in any 
case, associated with large uncertainty, as their magnitude remains partly unclear and is highly 
disputed [75]. 
5.5. Multi-input/output systems 
In Section 4, emissions factors for electricity generation were presented for single technologies. 
However, electricity is often produced in multi-input and/or multi-output systems. A co-
combustion power plant is an example of a multi-input system in which a mix of fuels (e.g., coal-
straw, waste-coal, etc.) is used as feedstock for the process. Examples of multi-output systems are 
combined heat and power plants (CHP) and biorefineries. In CHP plants, district heating and/or 
steam are important co-products of electricity generation. District heating is often utilized for 
household heating in cold climates (e.g., 46% of the heat demand in Denmark is covered by district 
heating [76]), whereas steam can be used in industrial applications for heating purposes. In 
integrated biorefinery systems, biomass is converted to a range of energy carriers (e.g., electricity, 
biogas and bioethanol) and chemicals. Biorefineries are developed to be flexible and are thus 
capable of adjusting production according to the demand of products [77]. 
Determination of emission factors for electricity generation from multi-stream systems involves 
allocation of emissions, which makes results uncertain because they are highly influenced by the 
chosen allocation criteria [78]. To avoid this allocation issue, in some cases, authors perform 
system expansion and provide emission factors based on the fuel mix (e.g., coal and biomass) [71]. 
However, both allocation and system expansion limit comparability among studies because of the 
subjective underlying assumption (e.g., allocation criteria) and the countless number of possible 
fuel mixes and operational conditions.  
5.6. Inventory data  
As previously illustrated, emission factors based on IOA can differ significantly from emission 
factors calculated via PCA. The reasons for this difference are twofold: 1) the two methods apply 
different allocation procedures because IOA uses economical parameters, whereas the allocation 
is often based on mass or energy (or exergy) for PCA; 2) because IOA is based on monetary data 
extrapolated at the country (or regional) level, it is not generally case specific (thus, local 
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conditions are not taken into account), whereas PCA inventories are normally developed for 
individual processes. Finally, the most important aspect is most likely the cut-off criteria adopted 
when using the two methods. As the results in Section 4 also show, emission factors calculated 
using IOA are higher in most cases than PCA-based factors because of the smaller process chain 
cut-off practically achievable with IOA. In fact, the more complex the process, the greater the 
difference between the results from PCA- and IOA-based LCA studies [44]; due to its complexity, 
nuclear power is the technology most influenced by the choice of data source. For example, 
Sovacool [56] analyzed 19 studies on electricity from nuclear power and found emission factors 
varying in from 1-288 g/kWh depending on several factors, with the lower values corresponding to 
PCA data and the higher values corresponding to IOA data. In particular, two studies from Storm 
van Leeuwem [79] and Dones [3,80] reported emissions factors differing by one order of 
magnitude: 110-170 g/kWh [79] with IOA and 7.6-14 g/kWh [3,80] with PCA. It may be speculated 
that IOA significantly overestimates the emission factors for nuclear power mainly because of the 
high-tech components used in the nuclear industry. For example, if the price of high-quality steel 
used at a nuclear power plant is double the average price of steel, the IOA approach would 
provide for 1 kg of such steel to include emissions corresponding to 2 kg of average steel, thereby 
leading to overestimation of the emissions in most cases [34]. 
The abovementioned aspects and related assumptions all could have a great influence on the 
estimation of emission factors and the subsequent outcomes of comparative studies. For example, 
GHG emission factors from wind energy for electricity generation are on the order of 3-41 g 
CO2/kWh (see Section 4.8), with almost no difference between IOA and PCA methods. When 
comparing this range with nuclear power (i.e., 110-170 g CO2/kWh with IOA, 7.6-14 g CO2/kWh 
with PCA), the choice of the methodology could thus reverse the results of the comparison. 
5.7. Functional unit and comparability 
The functional unit of an assessment plays an extremely important (and sometimes overlooked) 
role in relation to comparability, even within a single study. When performing LCA of energy 
systems, the functioning of the power plant under assessment needs to be taken into 
consideration in the assessment; to be comparable within the same functional unit, individual 
technologies must provide the exact same service to the system. An example of incomparability is 
base-load (or load-following) electricity generation based on coal (with an emission factor of 660-
1050 g CO2/kWh, Table 2), which does not provide the same service as a gas turbine covering 
peak-load electricity demand (with an emission factor of 610-850 g CO2/kWh, Table 2). Another 
example is the comparison between base-load and intermittent technologies, such as wind power. 
In this case, the incomparability is due to the different “reliability of supply” of the two systems. 
Two authors [46,55] proposed a solution to overcome this discrepancy by modeling the 
intermittent source with a storage system so that the services provided by the two alternatives are 
technically identical. Examples of other specific services provided by individual technologies that 
should be addressed in the functional unit are irrigation and flood control, regulation, voltage 
control, system black-start capability, and operating reserve [19,33,46].  
5.8. Additional impacts to be considered  
An LCA should, in principle, include all relevant potential environmental impacts related to the 
fulfillment of the functional unit [23]. Current guidelines [20] do not specify a minimum number of 
impact categories to be included or a preferred methodology, but rather suggest typical impact 
18 
 
 
 
categories [81]. In Section 5.1, the importance of considering acidification and eutrophication in 
addition to global warming was addressed. Other environmental burdens that could be relevant to 
electricity technologies, but not often included in an LCA, are noise (could be relevant for wind 
power, for example), odor (e.g., biomass), risk associated with long-term storage of nuclear waste, 
alteration of ecosystems and natural habitats (e.g., biomass and hydroelectric power), induced risk 
of seismicity and subsidence (e.g., extraction of fossil fuels and hydroelectric power) [19], water 
consumption and scarcity (e.g., biomass and hydroelectric power), and resource scarcity (e.g., rare 
earth metals in photovoltaic).  
6. Conclusions 
Emission data for GHG, NOx and SO2 were evaluated based on a critical review of 167 LCA case 
studies of important electricity generation technologies. Significant variations in the results were 
found, even for the same individual technology. A range of both technological and methodological 
differences were identified and evaluated with respect to their importance for LCA results. The 
most important technological aspects were, for fossil fuel technologies, the energy recovery 
efficiency and the flue gas cleaning system; for nuclear and renewable technologies, the electricity 
mix used during both the manufacturing and the installation phase; for biomass-based systems, 
the type, quality and origin of feedstock, as well as the amount and type of co-products. From an 
LCA methodological perspective, the most critical aspects affecting the coherence and 
transparency of the results were the functional unit definition (i.e., the service of the system under 
assessment), the LCA method employed (e.g., IOA, PCA and hybrid), and the allocation principle 
and/or system boundary expansions when used. For biomass-based electricity generation, 
assumptions concerning the upstream land-use-related emissions (both direct and indirect) and 
assumptions about biomass being a constrained resource significantly affected the results. The 
incorrect or inappropriate use of emission data and LCA results may generate the wrong 
conclusions. It is recommended that future research involving LCA modeling of electricity 
generation include clear statements of data applicability and methodological limitations, thereby 
significantly increasing the transparency and usability of the results obtained from LCA. This paper 
provides a basis for making the necessary choices regarding emission data, technological scopes, 
and methodological approach. 
 
Appendix A. Supplementary material 
Supplementary data associated with this article, including (1) an extensive discussion of the 
criteria used to select the studies considered in the present review, (2) tables containing emission 
factors for each study included in the review, and (3) the relationship between plant efficiency and 
direct emissions of NOx and SO2 for coal, lignite, natural gas and oil, can be found in the online 
version at XXXXXXX. 
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